LED based choice experiments and empirical colour choice models reveal a yet undescribed 11 blue sensitive photoreceptor and an inhibitory interaction with a green sensitive receptor.
Introduction 34
module, LA001-011A9DDN, Sunonwealth Electric Machine Industry Co., Ltd, Kaohsiung City, 164 Taiwan).
165
As LED traps, boxes (0.1 x 0.1 x 0.13 m) were constructed out of grey PVC (4 mm) to insert 166 the LED panels on the backside via grooves in the side walls. The front side of the box was 167 closed by transparent a opal acrylic glass plate (100 x 100 x 3 mm, PLEXIGLAS ® LED 0M200
168
SC, Evonik Industries AG, Essen, Germany) which served as scatter screens ( Fig. 2A) . In 169 addition, mirror film (PEARL GmbH, Buggingen, Germany) was used to laminate the insides 170 of the boxes. For whitefly trapping, the screen was covered with transparent plastic film (PET) 171 coated with insect glue (Temmen GmbH, Hattersheim, Germany), which was shown in 172 preliminary tests to not influence the emitted spectra.
173
For the operation and adjustment of intensities of each LED panel, a device with 16 LED drivers
174
(Mini Jolly, TCI, Saronno, Italy) was constructed. The 16 separate channels could be dimmed
175
(0-100%) by external control signals (0-10 V) which were provided by two USB analogue output 176 modules (ME RedLab 3104, Meilhaus Electronic GmbH, Alling, Germany) in combination with 177 a notebook and the software ProfiLab-Epert 4.0 (ABACOM, Ganderkesee, Germany).
Photon flux densities (µmol m -2 s -1 ) of LEDs from the long-wave UV-A to red (UV3 -R, Table   179 1, Fig. 1 ) were measured and adjusted using the LI-250 A Light Meter with LI 190 Quantum
180
Sensor (LI-COR Biosciences, Lincoln, NE, USA). As the sensor is only suitable to measure 7 LEDs (UV3 -V3, Table 1 , Fig. 1 ). Extrapolation of the non-measurable parts of LED spectra 184 below 385 nm had to be conducted. For the other two UV-A LEDs (UV1, UV2, Table 1 
213
The ambient solar radiation during the experiments was measured using a sensor for visible 214 light (FLA 623 PS, Ahlborn Mess-und Regelungstechnik GmbH, Holzkirchen, Germany) and 8 Holzkirchen, Germany) which was also placed under the cage. Temperature was recorded 219 with a Tinytag Plus 2 TGP-4500 datalogger (Gemini Data Loggers Ltd., Chichester, UK).
Experimental overview and classification
behaviour' (Coombe, 1981; 1982 
242
UV response experiments were conducted from September to November but suffered from 243 weaker responses and low recapture rates and trial durations were adjusted accordingly (Table   244 2).
245
In 
275
Block 2: Intensity dependences (Exp. 6-8)
276
Following the determination of the spectral efficiency in the 'settling response' (see exp. 5) the 277 intensity dependence of the choice behaviour was determined in the same dual-choice setup
278
(exp. 6). The intensity of the chartreuse green reference light (G4) was reduced by 50% and 279 tested against four spectrally adjacent green and yellow LEDs (G1, G3, Y1, Y2). The data of 280 this experiment were merged with the initial data of these colours (exp. 5, LEDs at equal 281 intensity) to illustrate the intensity-dependent changes in the spectral efficiencies.
282
The influence of different intensities of the same colour on the preference in a multiple-choice arena (exp. 8).
two blue LEDs (B1 -447, B2 -469 nm), and one cyan LED (C -500 nm), respectively. Yellow
293
LEDs were used here because we assume that they stimulate mostly the green receptor on 
299
In a first multiple-choice experiment, the five LED trap screens with yellow-blueish mixture and 300 the pure yellow LED trap were compared (exp. 9). The pure yellow LED trap consequently had choice experiment (exp. 10), the pure yellow LED trap was excluded from the setup and the
303
intensities of blueish LEDs were further reduced to 2.5 µmol m -2 s -1 (= 4.8% relative intensity).
304
The 
312
The wavelength dependence of the 'migratory behaviour' in the UV range was studied using 313 eight LEDs from UV to blue at equal photon fluxes. The first multiple-choice experiment 314 compared LEDs from the narrow UV to violet range (exp. 12). In the second multiple-choice 315 experiment, the spectral range was extended to blue with larger spectral steps between the
316
LED colours (exp. 13).
317
The most attractive UV LED (UV1 -373 nm centroid wavelength) was selected as reference are available for whiteflies, the peak sensitivities were approximated by this method.
329
Photoreceptor sensitivity templates (Govardovskii et al., 2000) were fitted for different
330
photoreceptor peak sensitivities of a putative UV, blue, and green photoreceptor, respectively.
331
The peak sensitivities of the green and the blue receptor were altered in 5 nm steps in the 332 range of 500 -545 nm (green) and 470 -495 nm (blue) resulting in 60 potential combinations.
333
The peak sensitivities of the UV receptor was changed in 10 nm steps in the range of 340 -
334
370 nm.
335
The photon catch of a photoreceptor can be calculated with the photoreceptor sensitivity 336 function ( ) and the spectrum of the (LED) stimulus light ( ) (Kelber et al., 2003) :
338
The photon catches of each LED colour (and its combinations) were calculated for each 339 potential photoreceptor position. Photoreceptor excitations were calculated from photon 340 catch values using a nonlinear transformation (Chittka, 1996) : 
These values were connected to the LED choice datasets of the 'green response', the 'blue 347 inhibition' and the 'UV response', resulting in three separate models. 
366
For the 'UV response model', achromatic processing based solely on the UV receptor was 367 assumed. Therefore, the excitation values UV were directly plotted against the normalized 368 relative response data from the multiple-choice experiments (exp. 12, 13) and the dual-choice 369 spectral efficiency experiment (exp. 14). The restriction that the highest excitation value should
370
correspond with the most attractive UV LED is described by:
372
All models' significant linear regressions (α = 0.05) fulfilling the preference restrictions were 373 fitted and the models were assessed based on R² values. All analyses and graphical display 374 related to the colour choice models were performed in Microsoft Excel 2016.
375
Statistical analysis
376
The statistical analyses were performed in R (Version 3.2.1; R Core Team, 2015).
377
The multiple-choice experiments (exp. 1-4, 7-8, 9-10, 12-13) were analysed with linear models 
393
were performed at α=0.05 using the lsmeans package (Lenth, 2015) .
394
The sex ratio in the multiple-choice experiment 3 was analysed with a generalized linear model 395 using the glm() function with binomial distribution and logit link. 
408
Tukey-type comparisons on interaction contrasts were performed using the multcomp package 409 (Hothorn et al., 2008) . Graphs were created using the ggplot2 and gridExtra package 410 (Wickham, 2016; Auguie, 2012) .
Results 412
Block 1: Green response experiments (Exp. 1-5)
413
Experiment 1: The results showed hardly any response of whiteflies to the blue (B2 -469 nm), 414 cyan (C -500 nm), and blue-green (BG -512 nm) LED, and a steep significant increase in the 415 preference among green LEDs (G1-3) with only slightly different centroid wavelengths of 524, 416 528, and 533 nm (Fig. 3A) .
417
No significant influence of the ambient light or the interaction with colours were observed in the fitted linear model (Fig. 4A ). This indicates that whiteflies discriminated green LEDs over 14 s.d.) within 1:15 ± 0:10 h. A separately fitted linear model shows no significant increase of the 421 total recaptures with rising ambient light intensity.
422
Experiment 2: In the green range, the preference further increased revealing chartreuse green 423 (G4) with 550 nm centroid wavelength as the most attractive LED (Fig. 3B) . Towards the yellow 424 spectrum with the two yellow LEDs (Y1 -574, Y2 -590 nm), the preference declined and only 425 a weak response to amber (A -614 nm) and no response to the red (R -630 nm) LED were 426 noticed.
427
In contrast to exp. 1, a significant influence of ambient light and the interaction with colour were 428 observed (both P<0.001). At darker conditions, the response to yellow was relatively stronger 429 while the corresponding response to green was weaker (Fig. 4B) . With increasing ambient light 
439
No significant influence of the ambient light but a significant interaction with the colour could 440 be determined (P=0.019). At darker conditions, the preferences were more evenly distributed 441 across all colours and with rising ambient light intensity the preference was pointed more 442 towards the most attractive chartreuse green LED (G4) while the preference towards the 443 second most attractive yellow (Y2) decreased (Fig. 4C) . The overall recapture rate was 82.8 ± significantly with rising ambient light (P=0.003), primarily due to the strongly increasing 446 preference for the most attractive chartreuse green (G4).
447
The ratio of females on the LED colours were 68% on G1, 72% on G2, 72% on G3, 72% on 448 G4, 81% on Y1, and 81% on Y2; the overall ratio was 74.5%. The ratio of females was slightly 449 higher on the yellow LEDs but statistically no significant effect of LED colours on the sex ratio (Fig. 3E) . The overall recapture rate was 92.8 ± 4.9% blueish light was further reduced, the preferences exhibited in the previous experiment were (Fig. 3F) . The overall recapture rate was 89.7 ± 10.5% (mean ± s.d.)
499
within 0:30 ± 0:10 h.
500
Experiment 11: On the short wavelength side, the inhibition declined successively from UV to 501 blue (B1) and violet (V2, V3) LEDs. On the long wavelength side, the inhibition strongly 502 decreased in one big step to the cyan (C) LED. Again, the obtained action spectrum was quite 503 congruent with the one derived from the multiple-choice approach (Fig. 5) . The recapture rate 
507
with closely related centroid wavelengths of 373, 378, and 385 nm but these preferences did 508 not differ among each other. The preference declined over 400 nm (UV4) to the violet (V1 -509 410, V2 -415 nm) LEDs which showed the lowest but still detectable response (Fig. 3G) .
510
A significant influence of the ambient UV radiation on the trapped numbers on the colours was 
514
Experiment 13: When the tested spectral range was extended to blue, the preference further 515 declined on the long wavelength violet (V3 -435 nm) and very low responses were still 516 detected on the short wavelength blue (B1 -447 nm) LED (Fig. 3H ).
517
UV radiation had a significant influence on the trapped numbers on the colours (P=0.046). The 518 overall recapture rate was 46.8 ± 10.7% (mean ± s.d.) within 1:30 ± 0:10 h and total numbers 519 were not significantly influenced by ambient UV radiation.
520
Experiment 14: The response declined successively over the tested UV and violet colours but 521 was still quite prominent on the long wavelength violet (V3). The obtained half-sided action 522 spectrum was wider and not entirely congruent with the ones derived from the previous
Colour choice models

526
In the 'green response model' and the 'blue inhibition model', several combinations of blue and 527 green photoreceptor peak combinations led to significant linear regressions which fulfil the 528 preference restrictions (Table 3) .
529
For the 'green response model', regressions with good fits (R² ≥ 0.8) were found for receptor 
544
Discussion 545
Main findings
546
This study reveals that Trialeurodes vaporariorum possesses a yet undescribed photoreceptor 547 sensitive towards blue light and an inhibitory blue-green chromatic mechanism which controls 548 a 'wavelength-specific behaviour' referred to as 'settling response' (Coombe, 1981) . Besides 549 this chromatic processing, the behavioural control is distinctly intensity-dependent. The known 550 response to UV radiation based on a UV sensitive photoreceptor related to migratory behaviour 3B,C) and consequently constitutes the peak of the LED based action spectrum of the 'settling 556 response' (Fig. 5) . This meets our expectations as it is in line with earlier studies from only this LED was available in the region between 533 and 574 nm, it is possible that the actual 559 peak slightly differs which is also possible for both reported studies which used monochromatic 560 light in wide steps of 10 and 50 nm. When only one receptor controls the behaviour, the action 561 spectrum should roughly exhibit the shape of the underlying receptor (Skorupski and Chittka, 562 2011). But our action spectrum as well as the reported data are more narrowly tuned to the 563 green-yellow range and shifted to the longer wavelength range compared to the spectral 564 efficiency peak at 520 nm which was determined by ERG recordings by Mellor et al. (1997) .
565
This discrepancy suggests the involvement of opponent processing and the extraction of 566 chromatic signals (Skorupski and Chittka, 2011). Nevertheless, from an evolutionary 567 perspective it seems natural that these action spectra peak around 550 nm which corresponds 
571
An important observation with regard to potential chromatic processing was that green LEDs 572 with similar spectra of only 4-5 nm difference could be differentiated by T. vaporariorum as
573
shown by the multiple-choice experiments (Fig. 3A,C) . Moreover, the discrimination was 574 exhibited consistently over the whole range of ambient light intensity, whereas yellow LEDs 575 were to some extent confused with green ones at darker conditions (Fig. 4) . Compared to 576 naturally reflecting objects, the constant intensity of LED light is uncoupled from illuminating 577 light intensity and should theoretically appear as brighter or darker in relation to changing 578 ambient light intensity. Colour vision is defined as the ability to detect spectral variations in the 579 light independent of the intensity (Kelber et al., 2003) . Photoreceptors adapt to the intensity of 580 perceived light versus the background light by adjusting their responses through various 581 mechanisms (Laughlin and Hardie, 1978; Arshavsky, 2003; Warrant and Nilsson, 2006) . This 582 avoids saturation of the photoreceptors and is a mechanism to maintain colour constancy 583 (Foster, 2011; Kemp et al., 2015) . Our results therefore suggest that green LEDs are 584 discriminated based on opponent processing. In the longer wavelength range above 550 nm, 
592
The results from blue-yellow mixing experiments provide the strongest evidence for blue-green resembles an action spectrum of opponent inhibition and enables a first approximate 597 estimation of the spectral location of the blue receptor (Fig. 5) . These results expand the study 598 of Stukenberg et al. (2015) which already showed that the attractiveness of green LEDs is 599 suppressed when simultaneously combined with blue LEDs. Similarly, a blue-green chromatic 600 mechanism was identified in the mate finding behaviour of the glow-worm Lampyris noctiluca 601 also using the technique of mixing green and blue LEDs (Booth et al., 2004) .
602
Descriptive evidence for the blue-green chromatic mechanism comes from the empirical colour 
646
Intensity dependence in the 'settling response'
647
It could be shown that the 'settling response' exhibits a clear intensity dependence (Fig. 6) 
648
which is in line with findings in whiteflies and other insects (Coombe, 1981; Scherer and Kolb, 649 1987; Booth et al., 2004) . Normally, colour vision is characterized to be independent of intensity 650 and most studies implicate that behaviours are processed either purely chromatic or 651 achromatic and it often remains unclear if both aspects are involved (Kelber and Osorio, 2010).
652
But our results demonstrate that the suggested dichromatic mechanism shows both chromatic 653 and achromatic properties, hence both colour (wavelength) and intensity are crucial in the 'settling' behaviour. This is an aspect which has already been implied by the colour choice 655 model (see above) since excitation values as outcome of the opponent mechanism can 656 theoretically be increased at the same wavelength by increasing their intensity. Our results
657
show that within the green-yellow range of the action spectrum higher intensities can 658 compensate for not optimally attractive wavelengths, thus colour constancy is not completely 21 between receptors takes place, as these intensity dependencies would be parallel if they are 662 based only on one receptor, following the principal of univariance (Naka and Rushton, 1966) . the action spectrum is mainly shaped by opponent processing as compared to the yellow 665 region where it should be primarily formed by the sensitivity of the green receptor.
Also, amongst equally coloured yellow LEDs preferences follow a brightness gradient which 667 further demonstrates the influence of intensity on the choice behaviour in a multiple-choice 668 setup (Fig. 6B) . The interaction between the relative preferences and the ambient light intensity 669 may be explained with photoreceptor adaptation (Fig. 6C) , as has already been discussed for 670 the wavelength choice experiments. Under bright background light conditions, the relative 671 receptor sensitivity might be lower resulting in higher relative attractiveness of the two brightest
672
LEDs. Under darker conditions, the relative sensitivity was probably higher resulting in a more 673 even attractiveness of the traps.
674
UV response
675
The moderate attraction of the greenhouse whitefly to UV radiation supposed to be a 676 wavelength-specific behaviour involved in flight initiation, migration, and dispersal could be 677 confirmed in our study. Apparent differences in the choice behaviour compared to the 678 experiments in the green-yellow range corroborate that another antagonistic behaviour aside 679 from 'settling' is most likely the reason for the attraction (Coombe, 1981; 1982; Stukenberg et 680 al., 2015) . One important indication was the low speed of orientation and generally low 681 recapture rates resulting in long trial durations to achieve sufficient numbers of trapped 682 individuals. Moreover, it could be visually observed that the orientation was not as target-
683
oriented as the response to green since individuals tended to rest somewhere in the upper part 684 of the cage before the traps were approached.
685
A relatively ambiguous wavelength dependence was determined with no significantly 686 distinguished LEDs in the UV range below 400 nm and a high variance of the choice data (Fig. 
687
3G). The attractiveness decreased at 400 nm but was still present in the blue range (Fig. 3H ),
688
indicating a relatively wide sensitivity. Nevertheless, the half-sided action spectrum can most 689 likely be attributed to a uniform behaviour (Fig. 5) . The observed peak of the action spectrum 690 at 373 nm allows no final conclusion about the most attractive UV LED because we could not 
708
Therefore, it might not be the total intensity but rather the UV-green ratio in the perceived light 709 which determines the classification into sky and object. Light with a UV ratio above a certain 710 threshold might be classified as sky while objects with a lower UV ratio should theoretically 711 appear as a dark silhouette.
712
We can assume that the UV radiation emitted by the traps in our setup competes with the UV 713 radiation naturally entering the cage, thus skylight and trap should appear similar in this 714 behavioural context. Theoretically, the UV traps in our setup could be perceived by the 715 whiteflies as additional entry points for skylight which elicit an 'open-space reaction' as 716 described for butterflies (Scherer and Kolb, 1987) . Similarly, UV patches could be used by T.
717
vaporariorum in the natural environment to find a way out of a plant canopy in order to conduct 718 dispersal flights. But it is important to note that the solitary UV radiation emitted from LEDs in 719 our setup is highly artificial as compared to the green-yellow LEDs which basically imitate host 720 plants. Although not much UV radiation is transmitted through the greenhouse glass, the UV 721 intensity measured at the release point was frequently higher than received from the traps.
722
Only with closer distance to the traps the UV intensity became higher compared to skylight.
723
The reason why the traps with comparably low UV intensities under such daylight conditions 724 were attractive for whiteflies could be the mentioned UV-green ratio (Möller, 2002) which 725 should be high due to the lack of any green light. The possibility of a UV-green contrast 726 coincides with the antagonistic character of the behavioural pattern towards UV as compared 727 to green (Coombe, 1981; 1982) . The rationale of such a UV-green contrast mechanism to 728 discriminate sky and object represents a convincing explanation but needs further Funding 763 whitefly (Homoptera: Aleyrodidae) and the vegetable leafminer (Diptera: Agromyzidae) to 
882
-violet (exp. 12), (H) UV -blue (exp. 13). See Table 2 
924
Table 2) (C) UV response model with photoreceptor peak at 360 nm.
